While household air pollution from biomass fuel combustion has been linked to cardiovascular disease, the effects on cardiac structure and function have not been well described. We sought to determine the association between biomass fuel smoke exposure and cardiac structure and function by transthoracic echocardiography. We identified a random sample of urban and rural residents living in the high-altitude region of Puno, Peru. Daily biomass fuel use was self-reported.
| INTRODUCTION
Paradoxically, while high-income countries have a greater prevalence of cardiovascular risk factors, low-and middle-income countries have a higher rate of major cardiovascular events, including cardiovascularrelated death, myocardial infarction, and stroke.
1 Additionally, within middle-income countries, a similar paradox exists between rural and urban dwellers in which rural residents have fewer cardiovascular risk factors but a higher major cardiovascular event rate. 1 Particularly in resource-poor settings, identifying elements of the physical environment that increase cardiovascular risk, such as air pollution, provides an opportunity to reduce cardiovascular disease risk at the population level.
Data supporting the association between biomass smoke fuel exposure and cardiovascular disease outcomes are emerging.
Household air pollution exposure from biomass fuel use is associated with increased systolic and diastolic blood pressure, hypertension prevalence, pro-inflammatory and pro-thrombotic biomarkers, endothelial dysfunction, heart rate variability, carotid intimal-medial thickness, and ST changes on electrocardiogram. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Fewer studies have examined the relationship between biomass fuel smoke exposure and clinical cardiovascular disease outcomes. Two studies in India and Pakistan found that exposure to biomass fuel smoke was associated with acute coronary syndrome and self-reported cardiovascular disease, 20, 21 yet large cohort studies in Bangladesh and Iran found no association between household air pollution from biomass fuel use and cardiovascular-related mortality. 22, 23 Despite the lack of robust evidence that links household air pollution exposure to cardiovascular outcomes, the Global Burden of Disease Study estimated the cardiovascular and cerebrovascular impact of household air pollution exposure and determined that household air pollution is the third greatest risk factor for death worldwide. 24 However, the global cardiovascular impact of household air pollution exposure was determined based on the estimated concentration of fine particulate matter (PM 2.5 ) released in biomass fuel combustion and the observed cardiovascular risk associated with PM 2.5 exposure from ambient air pollution. The analysis of the Global Burden of Disease Study did not take into consideration the inherent differences in smoke from biomass fuel combustion with respect to pollutants released from fossil fuel combustion. [25] [26] [27] Therefore, the association between household air pollution and the magnitude of the public health impact on cardiovascular disease outcomes has yet to be determined.
In the absence of large-scale, prospective studies on the effect of household air pollution exposure from biomass fuel use on cardiovascular disease outcomes and mortality, it is possible to detect subclinical alterations in cardiac structure and function to determine the ways in which household air pollution exposure could lead to adverse cardiovascular outcomes. Asymptomatic left ventricular systolic and diastolic function increases the risk for incident heart failure in multiple longitudinal cohorts. 28, 29 A greater description of the physiologic changes associated with household air pollution exposure not only has the potential to further the understanding of the negative cardiovascular impact of household air pollution exposure, but also reveals the mechanisms by which adverse cardiovascular outcomes might occur. The objective of this study was to determine the association between exposure to smoke from daily biomass fuel use and cardiac structure and function measured by transthoracic echocardiography in Puno, Peru.
| METHODS

| Study setting
The CRONICAS study is a longitudinal cohort study designed to characterize the prevalence of and risk factors for chronic disease in three geographically distinct settings in Peru. 30 This study was conducted in a random sample of CRONICAS participants at the Puno, Peru site, and uses sociodemographic data from the baseline round of data collected in 2011 and echocardiographic data that were collected in 2014. Located near the Bolivian border at 3825 m above sea level, Puno consists of a small, urban provincial capital and several rural villages where biomass fuel is widely used for cooking and heating. Puno primarily consists of indigenous, Andean people with both Quechuaand Aymara-speaking populations.
| Study design
Full-time residents in the area aged ≥35 years who provided informed consent were invited to participate in the study. We identified a sexand age-stratified (35-44, 45-54, 55-64 , and ≥65 years) and locationstratified (urban vs rural) sample, and only one participant per household was enrolled. We used a random number generator to select 200 urban CRONICAS participants and 200 rural CRONICAS participants for a total of 400 participants that were eligible to participate in this substudy. Because the rural communities are geographically dispersed, for logistical purposes we selected rural participants from two rural communities. This study was approved by the Institutional Review Boards
Practical Implications
• Biomass fuels are used by three billion people worldwide, yet the impact of exposure to biomass fuel smoke on cardiovascular disease outcomes is not well described. 
| Study procedures
Participants responded to a face-to-face questionnaire based on the World Health Organization STEP methodology to measure sociodemographic information, cardiopulmonary risk factors, and history of cardiopulmonary symptoms during the baseline round of data collection.
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Questionnaires were conducted by nurse fieldworkers in Spanish, Aymara, and Quechua. At the time of the echocardiography examination, nurse fieldworkers measured weight, height, heart rate, and blood pressure. Systolic and diastolic blood pressures were measured using a digital sphygmomanometer (OMRON HEM-780, Osaka, Japan), using the right arm for all measurements with an appropriately sized cuff.
| Echocardiography
Participants underwent transthoracic echocardiography performed by either a senior sonographer or a senior cardiology fellow using a at frame rate ≥50/s. Longitudinal strain assessments were performed in the apical four-, three-, and two-chamber views. 32 Retrospective two-dimensional speckle-tracking longitudinal strain assessments on 2D images have been validated using TomTec software, even when the original study was not intended for this purpose. 33 All analyses were performed by a single experienced operator (FA) blinded to the research participant's exposure status.
| Definitions
The following variables were determined by self-report in a structured questionnaire: daily biomass fuel use, prior diabetes diagnosis, physical activity, and pack-years of tobacco smoking. Daily biomass fuel use was defined as self-reported daily burning of wood or dung for cooking or heating for more than 6 months at any time during the participant's lifetime. Although the 24-hour mean concentration of air pollutants was not measured in every participant household in this study, prior studies of this cohort have validated that participants reporting biomass fuel use are exposed to higher concentrations of PM 2.5 and carbon monoxide. 34 Physical activity was determined based on leisure time and transport time domains of International Physical Activity Questionnaire as recommended for Latin American populations. 35, 36 Alcohol abuse was measured using the Alcohol Use Disorders Identification Test. 37 Education was categorized by schooling years (<6 years, 7-11 years, and 12 or more years). Socioeconomic status was defined as wealth index based on household income, assets, and household facilities as previously described. 
| Biostatistical methods
The primary aim was to compare measures of left and right heart structure and function in participants with and without daily exposure to biomass fuel smoke. Baseline characteristics of daily biomass fuel users and non-users were compared using t-test for continuous variables and chi-squared test for categorical variables. Using histograms, Q-Q plots, and the skewness test, each echocardiographic parameter was evaluated for normality. We log-transformed E/A ratio, left ventricular mass and septal E' velocity because these parameters were not normally distributed. Single variable and multivariable regression
analyses were used to model the association between daily biomass fuel use with each echocardiographic parameter. Multivariable models were adjusted for age, sex, body mass index, height, diabetes, packyears of smoking, and low physical activity. We did not adjust for blood pressure because hypertension is a potential mediator of air pollution exposure and adverse cardiac remodeling. We used linear regression models for all echocardiographic parameters, with the exception for diastolic dysfunction grade where we used ordinal logistic regres- 
| RESULTS
| Participant characteristics
A total of 187 participants were included in this study, including 80 daily biomass fuel users and 107 non-users (Table 1) . While there were no statistically significant differences in age or sex, daily biomass fuel users had lower body mass index, lower diabetes prevalence, less education, and lower wealth index.
| Left heart structure and function
In the unadjusted analysis, none of the echocardiographic meas- (Table S1 ). However, there was no association between daily biomass fuel use and left ventricular ejection fraction.
| Right heart structure and function
There was no association between daily biomass fuel use and measures of right ventricular size and function, including right ventricular and right atrial strain in either unadjusted or adjusted analyses (Table 3 ). There was a trend toward increased right ventricular width at the base (0.18 cm: 95% CI −0.01, 0.36) and length (0.25 cm: 95% CI −0.01, 0.51) in daily biomass fuel users in the fully adjusted analysis. T A B L E 1 Characteristics of daily biomass fuel users and non-users in Puno, Peru Left atrial strain (two-chamber), % −0.14 (3.29, −3.57) . 
Participant characteristics
Biomass fuel non-users (N=107)
| DISCUSSION
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Any misclassification of the exposure biases the results toward the null; therefore, we are likely underestimating the true effect of exposure to biomass smoke on cardiac structure and function.
Despite the limitations, this study is the first study to examine cardiac structure and function in relation to biomass fuel smoke exposure in a population-based cohort. Additionally, the echocardiographic images were acquired systematically in a robust manner by highly trained personnel from a high-volume academic echocardiography laboratory. T A B L E 3 Unadjusted (single variable) and adjusted (multivariable) linear regression analyses comparing right atrial and ventricular echocardiographic parameters in daily biomass fuel users and non-users adjusting for age, sex, body mass index, height, physical activity, pack-years of tobacco use, and diabetes in Puno, Peru 
| CONCLUSIONS
